Relatively little is known about the functions of the individual subunits of complex I. The 51-kD polypeptide of complex I that is encoded by the mitochondrial gene nd-1, and its bacterial counterpart, appears to be the NADHbinding subunit (Chen and Guillory, 1981; Yagi and Dinh, 1990) . Based on photolabeling experiments with rotenone analogs, Earley et al. (1987) have suggested that the product of the mitochondrial gene nd-1 binds rotenone, the classical inhibitor of complex I. The latter conclusion is supported by the observation of Majander et al. (1991) that complex I from mitochondria of cells derived from LHON patients with a mutation in nd-1 exhibits 80% less rotenone-sensitive ubiquinone-dependent electron transfer activity than the wildtype complex I. Another LHON mutation converts an Arg to a His at codon 340 of subunit 4 (encoded by the mitochondrial gene nd4) (Wallace et al., 1988) . This mutation results in a reduced rate of oxidation of NAD-linked substrates in isolated mitochondria (Majander et al., 1991) . Majander et al. (1991) have suggested "that the ND4 subunit might be involved in specific aggregation of NADH-dependent dehydrogenases and complex I, which may result in fast (solid state) electron transfer from the former to the latter." Sequences of various genes of the NADH oxidoreductases suggest locations for FeS clusters and flavin mononucleotide binding sites on certain subunits (Feamley and Walker, 1992) .
A chloroplast membrane-associated 'chlororespiratory" activity has been identified in chloroplasts of Chlamydomonas (Bennoun, 1982; Godde, 1982) , tobacco, and pea (Garab et al., 1989 ) and a NADH-plastoquinone oxidoreductase has been partially purified from membranes of Chlamydomonas (Godde, 1982) . Intriguingly, eight genes encoding subunits with significant homology to mitochondrial-encoded polypeptides are found in the chloroplast genome (Meng et al., 1986; Ohyama et al., 1986; Feamley and Walker, 1992) . As in the case of the mitochondrial NADH dehydrogenase, the roles of the products of the individual chloroplast genes are not known and, furthermore, the function of the oxidoreductase complex in photosynthesis and/or chloroplast respiration is not established.
Homologous genes occur in cyanobacteria and the complex Dzelzkalns et ai. Plant Physiol. Vol. 106, 1994 has been partially purified from Anabaena membranes (Alpes et al., 1989) . In these organisms parts of the respiratory and photosynthetic electron transport chains are shared (Peschek, 1983 (Peschek, , 1987 Sandmann and Malkin, 1983) . In cyanobacterial respiratory electron transport, electrons derived from NADH are believed to enter the photosynthetic electron transport chain at plastoquinone by the activity of a thylakoid-bound hTADH-plastoquinone oxidoreductase (NADH dehydrogenase) and to be transported by photosynthetic electron camers to an aa3-type Cyt oxidase. A second respiratory chainindependent of photosynthetic electron transport-appears to operate in the cytoplasmic membrane (Molitor and Peschek, 1986 ). The ndhB gene has been implicated in energization of inorganic carbon transport in Synechocystis 6803 (Ogawa, 1991; Marco et al., 1993) . We have taken advantage of the ability to manipulate genes in the transformable cyanobacterium Synechocystis 6803 to investigate the role of a NADH dehydrogenase subunit. In this report we describe the isolation and sequence of the Synechocystis 6803 gene ndhD-2, which is homologous to the maize chloroplast ndhD gene (encoding subunit 4 of the NADH dehydrogenase complex) and is similar but distinct from an independently isolated ndhD gene (Ellersiek and Steinmiiller, 1992) , which we redesignate ndhD-1 to distinguish the genes from one another. We have produced and isolated a Synechocystis 6803 strain in which ndhD-2 has been inactivated. The respiratory properties of these cells are greatly changed relative to wild-type cells, establishing a link between ndhD-2 and the respiratory chain of the cytoplasmic membrane.
MATERIALS AND METHODS

Growth Conditions and Transformation of Synechocystis 6803
The cyanobacterial strain Synechocystis 6803 and its growth conditions have been described previously Peschek et al., 1988) . Transformation-competent Synechocystis cells were prepared from cultures grown to midlog phase as described by Dzelzkalns and Bogorad (1988) . The cells were collected by centrifugation (5000g) at room temperature, washed twice in growth medium, and resuspended in growth medium at one-tenth of the original volume. Samples of 1 mL (approximately 2 x IO8 cells) were mixed with 1.0 pg of plasmid DNA and incubated in light for 4 h. The mixtures were plated in 3.0 mL of 0.8% top agar onto nonselective plates. After 12 to 16 h of incubation in light at 28OC, 1.0 mL of a solution of chloramphenicol (final concentration of approximately 10.0 pg/mL) was placed undemeath the agar and, after absorption of the antibiotic, the plates were retumed to light. Transformant, chloramphenicol-resistant colonies were obtained at the expected frequency at 8 d of incubation and propagated in liquid medium supplemented with 15.0 pg/mL chloramphenicol.
Cloning of ndhD-2
A 1.3-kb BamHI-PstI fragment containing the ndhD gene of maize chloroplast DNA, derived from pZmc 569 (i.e. 'Bam 20"; found in the small single-copy region of the chloroplast chromosome) (Schantz and Bogorad, 1988) , was used in Southem hybridizations to identify Synechocystis 6 803 DNA homologous to the ndhD gene. The gene was localized to a 3.4-kb EcoRI fragment lacking intemal HindIII sites,. To clone this fragment, EcoRI-digested Synechocystis 6803 DNA (prepared according to Dzelzkalns et al. [1984] ) was frxtionated on a 15-mL linear 10 to 40% SUC gradient (Maniatis et al., 1982) . DNA fragments of 3.0 to 4.0 kb in length were pooled, precipitated with ethanol, digested with HindIII, and cloned into the EcoRI site of pBR322. A clone containing the desired insert was identified and the Synechocystis ndhD-2 gene was narrowed to a 2.35-kb EcoRI-PstI fragment. The latter clone in pBR322 is pNDH4-CYAN. As is discussed below, ndhD-2 is distinct from another recently characterized Synechocystis 6803 ndhD gene (Ellersiek and Steinmiiller, 1992) . In this report, the previously characterized ndhD gene is designated ndhD-1 and the gene described here is referred to as ndhD-2.
Sequence Analysis and Other DNA and RNA Melhods
Synechocystis 6803 DNA and RNA were prepared as described previously (Dzelzkalns et al., 1984 (Dzelzkalns et al., , 1983 . Except where noted otherwise, standard techniques were used in the manipulation and analysis of DNA and RNA (Maniatis et al., 1982) . Nucleic acid hybridizations and washes were performed in 5 X SSPE (Maniatis et al., 1982) at 65OC. The nucleotide sequence of both strands of a 2.1-kb DNA fragment containing ndhD-2 and flanking DNA was determined using double-stranded DNA templates in standand dideoxy sequencing reactions (Pharmacia). The extent of identity of the derived Synechocystis ndhD-2 amino acid sequence to those encoded by other ndhD genes was determined using the Pearson-Lipman FASTA alignment programs (Pearson and Lipman, 1988 ).
Disruption of ndhD-2
To inactivate the Synechocystis ndhD-2 gene, the (CAT gene was inserted into it. The CAT gene under the conírol of the chloroplast psbA promoter was taken from pVAP1 (Dzelzkalns et al., 1984) as a PstI-BamHI piece and placed in the corresponding sites of pBR322. The resulting plasmid was opened with BglII and PstI and the larger of the two fragments generated was joined to a PstI-Sau3AI fragment derived from the purified insert of pNDH4-CYAN. In this construction, pRIGHT, the "right" border of the fríigment to be used for site-specific recombination of the interrupted ndhD-2 gene into the Synechocystis chromosome, was placed adjacent to the CAT gene. To add the "left" border, a PstIBamHI fragment of pNDH4-CYAN was purified anti partially digested with SauSAI, and the resulting fragments were inserted in the BamHI site of pRIGHT. In the final con struction, pNDH4-CAT, a segment of ndhD-2 has been replaced by the CAT gene. The location of the Sau3AI sites into which the CAT gene was inserted are indicated in Figure 1 . 
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described (Molitor et al., 1987) . Typically, less than 0.019 pg of Chl per fig of membrane protein was present in wild-type and mutant cytoplasmic membrane preparations. In prepared thylakoid membranes, 0.5 to 0.8 p g of Chl per pg of membrane protein was present. Cells were harvested in the early, linear growth phase at a concentration of 2.0 pL of packed cells per mL of culture. Rates of plasma and thylakoid membrane Cyt c oxidation and reduction were measured at 3OoC by dual-wavelength spectrophotometry as reported previously (Molitor and Peschek, 1986; Peschek et al., 1989) . Immunoblots of membrane proteins were prepared according to Kraushaar et al. (1990) and were probed with antisera against (a) Cyt f, the Rieske FeS protein, and subunit IV of the chloroplast Cyt b6-f complex, (b) Synechocystis 6803 ndhK protein, and (c) bovine heart mitochondrial Cyt cl. Antisera were obtained from Drs. B. Trumpower (Cyt cl) (Trumpower, 1991) , K. Steinmiiller (ndhK/psbG) (Berger et al., 1991) , and R. Malkin (Cyt b6-f) (Chain and Malkin, 1991) . Rates of whole-cell respiration were measured with cells in the early, linear growth phase by standard polarographic techniques . The concentration of Cyt c6 was determined by a spectroscopic method (Obinger et al., 1990) .
RESULTS
Synechocystis 6803 ndhD-2
The nucleotide and derived amino acid sequences of a 2.1-kb DNA fragment containing the Synechocystis 6803 ndhD-2 gene are presented in Figure 1 . The encoded hydrophobic polypeptide consists of 515 amino acids and has a calculated mol wt of 56,560. A possible Escherichia coli-like -35 consensus promoter sequence of TTCACA is found 112 bp upstream of the postulated ATG start codon; no readily apparent -10 consensus box is present. A Shine-Dalgamotype sequence (GGAGG) is found preceding the translation initiation site. Curiously, Anderson and McIntosh (1991) The amino acid sequence of Synechocystis ndhD-2 is 54% identical to Synechocystis 6803 ndhD-1 and 46 to 51% identical to chloroplast ndhD sequences. The sequence is only 31% identical to wheat mitochondria! ndhD. Significant homology between the Synechocystis and chloroplast sequences extends throughout the lengths of the respective polypeptides; several regions (amino acids 142-151, 238-242, 305-314, 382-392, and 425-435) are particularly conserved. The carboxyl-terminal amino acid sequences are least conserved. The Synechocystis sequences are more similar to one another and to chloroplast ndhD sequences than to animal, plant, fungal, or protist mitochondrial ndhD (ndh4) genes. Chloroplast sequences from maize (Schantz and Bogorad, 1988) , tobacco (Meng et al., 1986) , and Marchantia (Ohyama et al., 1986) are 48.1, 46.2, and 51.3% identical to Synechocystis 6803 ndhD-2, respectively, whereas the mitochondrial sequences of wheat (Lamattina and Grienenberger, 1991) , Aspergillus (C.M. Lazarus and H. Kuntzel, NBRF-PIR protein sequence data base), mouse (Bibb et al., 1981) , Drosophila (Clary and Wolstenholme, 1985) , starfish (Himeno et al., 1987) , and Paramecium (Pritchard et al., 1990 ) are 31.4, 27.6, 28.8, 27.1, 27.9, and 21.2% identical, respectively.
Insertional Inactivation of Synechocystis ndhD-2
To eliminate the protein coding region of the ndhD-2 gene, a plasmid containing the CAT gene inserted within the Synechocystis gene (pNDH4-CAT) was introduced into wildtype Synechocystis 6803 (Dzelzkalns, 1989) at the sites shown in Figure 1 . Analysis of DNA isolated from a sampling of chloramphenicol-resistant transformed cells confirms that the construct has become integrated at the homologous site in Synechocystis 6803 DNA and shows that the expected DNA segment has been deleted from this region (Fig. 2) . Two expected pNDH4-CYAN-hybridizing bands of 1.4 and 1.9 kb are seen in EcoRI digests of the DNA samples. (An EcoRI site within the CAT gene accounts for the presence of two bands.) No intact copies of the gene remain in the chromosome. A northern blot of RNA from the transformed cells shows the loss of the single 1.5-to 1.7-kb ndhD-2 transcript (Fig. 2) .
Analysis of Transformed Cells
The transformed cells are normal in appearance and have normal doubling times during photoautotrophic (4.6 ± 0.5 h at 35°C and 15-20 W/m 2 warm white fluorescent light; BG-11 medium supplemented with 10 mM sodium carbonate and sparged with 1.5% [v/v] COa) as well as dextrose-supplemented photoheterotrophic (11.2 ± 1.0 h with 30 mw Glc and 50 MM DCMU) growth.
Assuming that the cyanobacterial (and chloroplast?) ndh polypeptides are part of an NADH dehydrogenase complex that, like its mitochondrial counterpart, transfers electrons to a quinone through the respiratory chain and ultimately to molecular oxygen, activities of these component reactions were assayed in mutant and wild-type cells. One might have expected mutant cells to lack respiratory activity or for this activity to be severely reduced; however, the whole-cell respiratory rate of the nd/iD-deleted cells is much greater than that of the wild-type cells from which they are derived (Table I) . Addition of the uncoupler CCCP increases the respiration rate of the transformed cells greatly and of wildtype cells slightly, whereas cyanide completely abolishes respiration in both. The enhanced respiratory rate of the nd/iD-deleted cells is, therefore, not attributable to uncoupled electron transport and is not the result of a cyanide-insensitive respiratory pathway. To characterize the electron transport carrier systems associated with cytoplasmic membranes versus thylakoid membranes, their sensitivity to inhibitors of respiration was determined. The wild-type NADH dehydrogenase of cytoplasmic www.plantphysiol.org on January 5, 2018 -Published by Downloaded from Copyright © 1994 American Society of Plant Biologists. All rights reserved. membranes is sensitive to rotenone, whereas the thylakoidlocalized activity is not inhibited (Table II) (Table II) .
The deletion of ndhD-2 is accompanied by changes in some other proteins of the cytoplasmic membrane. Cyt c oxidase activity of cytoplasmic membranes prepared from the mutant cells is 4-fold greater than that measured for wild-type Syn- echocystis (Table II) , and NADH-dependent Cyt c reductase activity is 2-to 3-fold greater. However, these activities remain at wild-type levels in isolated thylakoid membranes. In addition, cytoplasmic membrane-associated plastoquinolCyt c reductase activity of wild-type cells is inhibited by antimycin but that of ndhD~ is not sensitive. Immunoblots of wild-type and mutant cytoplasmic membrane proteins probed with a mixture of antisera against Cyt/(34.5 kD), the Rieske FeS protein (20 kD), and subunit IV (16 kD) of the chloroplast Cyt b t -f complex show that the level of each of these proteins is greatly increased in the plasma membrane of the ndfcD-deleted cells (Fig. 3) . In contrast, immunoblots of wild-type and mutant cytoplasmic and thylakoid membrane proteins probed with antisera against the NADH dehydrogenase component, ndhK, and Cyt Ci of beef heart mitochondria complex III show that each of these proteins is present in membranes derived from nd/iD-deleted cells in amounts similar to those found in wild-type cells (Fig. 4) .
Table II. Rates of Cyt c oxidase, Cyt c reductase, and NADH dehydrogenase activity of isolated cytoplasmic (CM) and thylakoid (Thyl) membranes from wild-type and ndhD-deleted Synechocystis 6803 cells
Rates are expressed as nmol Cyt c oxidized or reduced min~' mg" 1 membrane protein. Values shown are mean values of measurements done in triplicate from membranes prepared from eight individually grown batches of wild-type and ndhD-deleted cells, so values are 15 to 20% of the corresponding mean. Nonenzymatic rates, measured in the absence of membranes, were typically less than 15% of the enzymatic rates and have been subtracted from the observed rates (Kraushaar et al., 1990) . Cyt c oxidase activity is completely inhibited by 3.5 JIM KCN. FeCN, 3 mM ferricyanide in the presence of 5 M M p-benzoquinone; PQ-9, 80 M M reduced plastoquinone-9; Cyt c, 10 MM reduced or oxidized horse heart Cyt c; NADH, 1.5 mM NADH. The loss of ndhD-2 neither diminishes nor enhances the synthesis and assembly of these proteins into membranes. An increase is also seen in the concentration of Cyt C 6 , a periplasmic Cyt believed to be an electron donor to the plasma membrane-bound Cyt oxidase of cyanobacteria (Obinger et al., 1990) . In wild-type cells this Cyt is present at 2.0 nmol/mL packed cell volume, and in the mutant cells it is found at 5.0 nmol/mL (so of 1.5 nmol/mL, three determinations).
DISCUSSION
The ndhD genes of plant and algal chloroplasts and of cyanobacteria specify proteins that are 20 to 30% identical in sequence to subunits of the mitochondrial NADH dehydrogenase complex, but the predicted Synechocystis 6803 ndhD-2 amino acid sequence is 46 to 51% identical to chloroplast ndhD sequences. A common origin for chloroplast and cyanobacterial ndh genes is supported by the high degree of similarity generally found between chloroplast and cyanobacterial ndh genes, including those of Synechocystis. For example, the Marchantia chloroplast ndhD is more closely related to that of the prokaryotic Synechocystis polypeptide than to that of wheat mitochondria (51.3 versus 31.4% identity). Synechocystis ndhD-2 is clearly distinct from both Synechocystis 6803 ndhD-l (Ellersiek and Steinmiiller, 1992 )-they are 54% identical in sequence-and from the incomplete ndhD gene of Anderson and Mclntosh (1991) .
Deletion of Synechocystis ndhD-2 has no effect on the rate of cell growth but it greatly changes the respiratory properties of these cells and establishes a link between this ndh gene and respiration. Although it might be expected that NADHdependent respiratory rates would be depressed in ndhDc ells, the opposite is seen. (Ellersiek and Steinmuller, 1992) , as are the chloroplast ndhD genes, whereas ndhD-2 appears not to be linked to psaC (V.A. Dzelzkalns and L. Bogorad, unpublished observation). Our results together with those of Steinmuller et al. suggest that the products of these two similar, but not identical, genes may be components of two functionally distinct and differentially located NADH dehydrogenase complexes. For example, ndhD-2 is associated with a cytoplasmic membrane NADH dehydrogenase, whereas ndhD-l may be localized to a thylakoid-bound complex.
We do not know how deletion of the ndhD function results in apparently unrelated changes in the amounts of some, but not all, other electron carriers of the cytoplasmic membrane. It does appear that the remainder of the NADH dehydrogenase of the cytoplasmic membranes can assemble in the absence of subunit 4; however, the removal of this subunit renders the complex insensitive to rotenone. The increased respiration rate is not the result of uncoupled electron flow and is not attributable to a cyanide-insensitive respiratory pathway. The rates of Cyt oxidation and reduction in thylakoid (intra-cytoplasmic) membranes remain at wild-type levels and no significant changes are seen in the amounts of the membrane-bound complex I component, ndhK, and Cyt c t of complex III.
Rotenone inhibits NADH dehydrogenase activity of cytoplasmic membranes but not of the thylakoid enzyme of wildtype cells, whereas in the mutant cells neither the cytoplasmic nor the thylakoid NADH dehydrogenase activities are affected by rotenone. The 36-kD product of the mitochondrial gene ND1 has been shown to be photolabeled by a rotenone analog (Ragan, 1987) . Because rotenone is a competitive inhibitor with regard to ubiquinone, the ND1-encoded subunit has been suggested to be involved in ubiquinone binding (Earley et al., 1987) . The insensitivity to rotenone of the NADH-dehydrogenase in cytoplasmic membranes of the mutant cells suggests that the conformation of the ubiquinonebinding site is altered in the absence of subunit 4.
The observed increase in respiratory electron flow after the deletion of ndhD-2 suggests that the ndhD-2 product regulates the rate of electron transport through the plasma memwww.plantphysiol.org on January 5, 2018 -Published by Downloaded from Copyright © 1994 American Society of Plant Biologists. All rights reserved.
brane-bound NADH dehydrogenase complex. The absence of any effect of ndhD-2 inactivation on thylakoid membraneassociated NADH dehydrogenase activity supports the conclusions reached in studies of other cyanobacteria (Viljoen et al., 1985; Alpes et al., 1989; Howitt et al., 1993 ) that a flavin adenine dinucleotide, non-FeS-type NADH dehydrogenase-perhaps similar to the bacterial NDH-2 type (Yagi, 1993) -occurs in photosynthetic membranes. However, the observation that cytoplasmic membrane NADH-quinone oxidoreductase activity of the ndhD-cells is insensitive to rotenone raises the possibility that at least some of the NADH dehydrogenase activity of the thylakoid is due to a similar ndhD-enzyme complex.
